In the field of high precision positioning control, the position servo system must be highly robust against disturbance torque. A Permanent Magnet Synchronous Motor (PMSM) has various torque ripple components that degrade control performance. A portion of the torque ripple is caused by the harmonic current. The torque ripple can be suppressed using a highly robust current control system. The remaining torque ripple is defined as the disturbance torque and is compensated for using a Disturbance OBserver (DOB). However, it is very difficult for a DOB to perform the appropriate compensation because it uses a low-pass filter to reduce noise. To obtain highly robust performance, this paper proposes a new position servo system using a disturbance torque hybrid observer and a current control system in the α − β stationary frame. In addition, this paper uses the torque ripple equation instead of a torque ripple table so as to reduce the amount of Digital Signal Processor (DSP) memory. The effectiveness of the proposed position servo system is confirmed using numerical and experimental results.
Introduction
Position servo system, which is used in industrial applications, requires robust control. Robust control means that the system has a high robust performance against all disturbances (1) (2) . In the field of high precision positioning control, disturbance torque decreases its control performance, e.g., the positioning accuracy decreases. Moreover, constraints on the motor structure occur.
When a Permanent Magnet Synchronous Motor (PMSM) is controlled, various components of a torque ripple are generated. Cogging torque occurs because of the motor structure between the stator and rotor-mounted permanent magnets. The flux harmonics of a PMSM cause torque ripple (3)-(5) . In addition, the dead time of the three-phase inverter, and the offset and scaling errors of the current sensor in experimental systems cause torque ripples (6)-(8) . They act as disturbance torque for a PMSM.
The current control system is required to have highly robust performance so as to reduce the harmonic current. In general, PI current control in the d-q synchronous frame is used as the current control system. The current control system has different disturbance suppression characteristics in the positive phase and negative phase. To obtain the same characteristics in both phases, a current control system in the α − β stationary frame is used.
Recently, a Disturbance OBserver (DOB), which is very useful, has been widely used in the field of industrial applications (9)-(16) . In particular, a DOB is used to compensate for disturbance torque. However, a DOB uses a low-pass filter for noise reduction, and it causes phase and amplitude shifts of an estimated value. This low-pass filter affects the estimated torque ripple components. As a result, it is very difficult to accurately estimate the instantaneous disturbance torque and compensate for it effectively.
To suppress torque ripple to achieve robust positioning control, several methods have been proposed. These methods, which use iterative learning control (17) , a repetitive current control (18) method, are very effective for suppressing torque ripple in the steady state. It is difficult to design a controller for these approaches, which complicates the stability analysis. Moreover, these approaches sometimes cannot compensate for instantaneous disturbance torque.
To compensate for the instantaneous disturbance torque, several methods have been proposed. In the method in which multiple tables are utilized (19) , it is possible to instantaneously compensate for the disturbance torque (as it is saved in the table). However, it is impossible to compensate for the disturbance torque (as it is not saved the table). When a method utilizes the sixth-harmonic back electromotive force, which is estimated using the observer (20) , it is possible to instantaneously compensate for the sixth-harmonic disturbance torque. However, the method is susceptible to parameter variation. In the method that uses the table and the periodic disturbance observer (21) , it is possible to quickly and accurately compensate for the periodic disturbance torque. However, c 2017 The Institute of Electrical Engineers of Japan. To obtain highly robust performance, this paper proposes a new position servo system using the disturbance torque hybrid observer and the current control system in the α − β stationary frame. When the instantaneous disturbance torque is accurately estimated, the disturbance torque hybrid observer provides highly robust performance. The disturbance torque hybrid observer includes the DOB and the torque ripple table, and accurately and quickly compensates for the harmonic disturbance torque. Moreover, this paper considers the application of a torque ripple equation instead of a torque ripple table to save the amount of Digital Signal Processor (DSP) memory.
In this paper, the numerical results confirm the validity of the disturbance torque hybrid observer. The effectiveness of the proposed position servo system is well confirmed by the experimental results.
Dynamics Model of PMSM
When a PMSM has no flux saturations, no eddy currents, and no hysteresis losses, the PMSM voltage equations are expressed as (1) on a d-q synchronous frame (22)-(24) . 
, and the output torque T M of the motor is determined by (2) . The motor dynamics equation is expressed as (3).
Where, P n : number of pole pairs and K t : torque constant, J M : motor-shaft inertia, ω rm : mechanical angular speed, T R : known torque ripple components, T L : other disturbance torque (non-periodic components) and T D : total disturbance torque. Here the T L is defined as (6).
Where, (script) n : nominal parameter, ΔJ M and ΔK t : variations from the each nominal parameter, T l : load-side torque and D M : frictional coefficient. Figure 1 shows the structure of DOB, which is a very simple structure (13)- (15) . A DOB has high robustness because it estimates and compensates for all components of disturbance torque, including the parameter variations ΔJ M and ΔK t (16) . The estimated total disturbance torqueT D is expressed as shown in (7). Here, a low-pass filter is used for noise reduction. A DOB is used to compensate for T D , and (8) is derived. (8) can be transformed into (9).
Conventional Position Servo System
Where,(script) is an estimated value and g d is the cut-off frequency of low-pass filter. Therefore, the instantaneous disturbance torque compensation current i dis q is expressed in (10). Figure 1 shows a block diagram of conventional position servo system applied to DOB. In Fig. 1 , a P position controller, a PI speed controller, a q-axis current PI controller with the antiwindup control method (25)- (27) and a d-axis current PI controller are used. The antiwindup algorithm of the q-axis current PI controller operates the calculation of its integrator by using the limited value Δv q of the q-axis voltage (28) - (30) . In DOB, a low-pass filter is used for noise reduction, as described in (9). However, this causes phase and amplitude shifts of the estimated value. This phenomenon has a significant impact on the estimated torque ripple T R . Furthermore, when the bandwidth of the low-pass filter g d is high, it is impossible to obtain sufficient noise reduction. Therefore, the bandwidth g d has an upper limit. As a result, it is difficult to accurately estimate the instantaneous disturbance torque and perform effective compensation to achive robust positioning control. 
Proposed Position Servo System

Current Control System on α-β Stationary Frame
In an α-β stationary frame, a harmonic current is composed the positive-phase components (for example, the 7th and 10th harmonics of the fundamental frequency ω re ) and negativephase components (for example, the 5th and 8th harmonics of the fundamental frequency ω re ). In order to reduce the harmonic current, it is necessary to obtain a high robust performance in both the positive-phase and negative-phase. In anddition, the robust performance in the positive and negative phases should be same to design easily the robust performance.
To obtain highly robust performance, this paper proposes a new current control system in the α-β stationary frame, called α-β sinusoidal current control. Figure 2 (a) shows a block diagram of the α-β sinusoidal current control method.
In order to control the motor current on α-β stationary frame, it is necessary to design the current controller tracking to the direct and sinusoidal components. In Fig. 2 
Where, i ref
Here, f 1 , f 2 , and f 3 are the current controller gains, which are variable gains that depend on the fundamental frequency ω re . For example, f 1 , f 2 and f 3 , which are designed by the pole placement method as multiple roots in the desired pole ω c , are defined as (12), (13) and (14).
The transfer function to the current response i res αβ from the disturbance i dis αβ is derived as (15). 
Where, i dis
re . Next, in order to confirm the effectiveness of the α-β sinusoidal current control, it is compared with the current control system on a d-q synchronous frame, whose name is the d-q PI current control as shown in Fig. 2(b) . The input and output frames of the d-q PI current control are different from them of the α-β sinusoidal current control. In order to analyze the performance of d-q PI current control, this paper uses the rotating coordinate transformation e jω re t and e − jω re t (31) (32) . The d-q PI current control is equivalently converted on the α-β stationary frame. Figure 3 shows the equivalent d-q PI current controller on the α-β stationary frame. In 
confirms that the suppression performances on the positivephase disturbance components is different from that on the negative-phase disturbance components because it includes a complex number j. Therefore, it is possible to perform the same comparison using a bode diagram by using (15) and (23) because these equations have the same input and output frames. shows that the suppression performance on negative-phase disturbance components is inferior to that on the positivephase disturbance components. On the contrary, in the α-β sinusoidal current control as shown in Fig. 6 , the disturbance suppression performance is the same for the positive-phase and negative-phase disturbance components. Therefore, in comparison with the bode diagrams of d-q PI current control, it is confirmed that the proposed α-β sinusoidal current control has a high disturbance suppression performance.
Structure of Disturbance Torque Hybrid Observer
This section considers a novel disturbance torque hybrid observer based on a DOB and a torque ripple table. The nominal torque ripple components T R , which are saved in the torque ripple table, are used by the disturbance torque The estimated total disturbance torqueT D when using the DOB and the torque ripple table is expressed (24). In (24), the torque ripple is estimated twice using the DOB and the torque ripple table. Therefore, to avoid double compensation, it is necessary to add the output of the torque ripple tableT R to the DOB.
The disturbance torque hybrid observer should utilizeT R , which is estimated by the instantaneous disturbance torque. In the disturbance torque hybrid observer, the total disturbance torque T D is defined as shown in (25).
From (3) and the outputT R of the torque ripple table, the non-periodic disturbance torqueT L is defined as shown in (26) . Here, a low-pass filter is utilized for noise reduction. In the disturbance torque hybrid observer,T D is defined in (27) usingT L from (26) andT R . (27) can be transformed into (28) . Figure 7 shows the structure of the disturbance torque hybrid observer. As shown in Fig. 7 , the inputs of the disturbance torque hybrid observer are the q-axis current response i res q , the mechanical angular speed response ω res rm , and the electrical angular response θ res re . The study in (28) and Fig. 7 indicate thatT R is not affected by the low-pass filter. Therefore, the disturbance torque hybrid observer instantaneously compensates for the torque ripple components T R , regardless of the bandwidth of the low-pass filter.
Saving Memory Method of Disturbance Torque Hybrid Observer
In order to save the amount of DSP (k = 1, 2, 3, ..., n) , in a Taylor Expansion, it is expressed as (30) . Here, (29) is rewritten as (30) .
If it has m number of data, (30) is rewritten as (31) .
Where, J is a Jacobian matrix that is defined as (32) . In this offline nonlinear least-squares method, a pseudo-inverse matrix of the Jacobian matrix, expressed as (33), is used.
Therefore, the error parameters Δx k from the optimal values are expressed as (34).
The parameters x k converge to the optimal values by performing an iterative calculation (34). The torque ripple table is fitted to the torque ripple equation by using this offline nonlinear least-squares method. The torque ripple equation is expressed as (35) . (35) is used instead of the torque ripple table in Fig. 7 . Figure 8 shows a block diagram of the proposed position servo system. The disturbance torque hybrid observer is applied to the position servo system. The torque ripple table stores each component of the torque ripple, which causes degradation of the position control performance. The torque ripple table of the tested PMSM in this paper is measured 20 times offline. After averaging the data, 2048 data samples are obtained per period of the electrical angle θ re . The output waveform of torque ripple table is shown in Fig. 9(a) . The output waveform of torque ripple equation is shown in Fig. 9(b) , and the difference between the torque ripple table Table 1 summarizes the optimal values of each coefficient of the torque ripple equation. As the result, it is not necessary to provide a large DSP memory when the torque ripple equation is used by the disturbance torque hybrid observer. numerical simulation, the proposed position servo system using an α-β sinusoidal current control is applied to the tested position control from 0
Structure of Proposed Position Servo System
Numerical and Experimental Results
Numerical Results
• to 180 • in 0 sec. Each observer estimates only the disturbance torque TD and does not connect to the current control system. Load-side torque T l and frictional coefficient D M are set as zero in this numerical simulation condition. Figure 10 shows the numerical simulation results of the estimated disturbance torque by using DOB. In very difficult to achieve an accurate and quick estimation of torque ripple. As the result, the position response causes a vibration. Figure 11 shows the numerical simulation results of the estimated disturbance torque by using the disturbance torque hybrid observer with the torque ripple equation. In the case of non-variation of inertia, the disturbance torque hybrid observer accurately estimate T D as shown in Fig. 11(a) . In the cases of variation of inertia, it is possible to accurately estimate torque ripple components T R by using the disturbance torque hybrid observer as shown in Fig. 11(b) and Fig. 11(c) .
Next, the bode diagram from torque ripple components T R to estimate valueT R confirms the robustness to variation of inertia. (36) is the characteristic of disturbance estimation of DOB considering variation of inertia. (37) is that of the disturbance torque hybrid observer. Figure 12 shows the bode diagrams from T R toT R under conditions of variation of inertia J M . In the DOB,T R is affected by a low-pass filter as shown in Fig. 12(a) . In addition, the cut-off frequency of LPF g d is influenced by the inertia variations. In the disturbance torque hybrid observer,T R is insensitive to the inertia variations as shown in Fig. 12(b) . As the result, the disturbance torque hybrid observer has high robustness to variation of inertia for the estimation of T R . Figure 13 and Fig. 14 show the experimental results of positioning control by using the d-q PI current control and DOB. Figure 15 shows the experimental results of positioning control by using the d-q PI current control and disturbance torque hybrid observer with the proposed torque ripple equation. In Fig. 13 and Fig. 15 , the position control bandwidth ω p is 20 rad/s which is the Fig. 17 and Fig. 18 show the experimental results of positioning control by using the α-β sin current control which is reflected on the d-q PI current control. Table 3 summarizes the settling time and overshoot of each In the case of using DOB and condition of ω p = 20 rad/s, it is confirmed that the overshoot is reduced by using the proposed current control system on α-β stationary frame. Therefore, a high robust performance is obtained by using the proposed current control system on α-β stationary frame. Furthermore, it is confirmed that the settling time is reduced by using the disturbance torque hybrid observer under the condition of non-overshoot. As the results, the high performance positioning control is achieved by using the proposed position servo system which consists of the disturbance torque hybrid observer and proposed current control system on α-β stationary frame.
Experimental Results
Conclusion
This paper proposes a new position servo system using a disturbance torque hybrid observer and a current control system in the α − β stationary frame, which has highly robust positioning control. This paper proposes the application of a torque ripple equation, which is reflected on the torque ripple table for the purpose of saving the amount of DSP memory.
The numerical simulation results confirm that the disturbance torque hybrid observer accurately estimates the instantaneous disturbance torque. Furthermore, the control performance of the disturbance torque hybrid observer with the proposed torque ripple equation is almost same as that of the disturbance torque hybrid observer using the torque ripple table.
The experimental results confirm the effectiveness of the proposed position servo system using the disturbance torque hybrid observer and the current control system in the α − β stationary frame. The current control system in the α − β stationary frame reduces the overshoot of the position response. Experimental results confirm that the settling time is reduced when using the disturbance torque hybrid observer under the condition of no overshoot. As a result, the proposed position servo system achieves high performance positioning control.
